The polarizable environment surrounding charge carriers in organic semiconductors impacts the efficiency of the charge transport process. Here, we consider two representative organic semiconductors, tetracene and rubrene, and evaluate their polarization energies in the bulk and at the organic−vacuum interface using a polarizable force field that accounts for induced-dipole and quadrupole interactions. Though both oligoacenes pack in a herringbone motif, the tetraphenyl substituents on the tetracene backbone of rubrene alter greatly the nature of the packing. The resulting change in relative orientations of neighboring molecules is found to reduce the bulk polarization energy of holes in rubrene by some 0.3 eV when compared to tetracene. The consideration of model organic-vacuum interfaces highlights the significant variation in the electrostatic environment for a charge carrier at a surface although the net change in polarization energy is small; interestingly, the environment of a charge even just one layer removed from the surface can be viewed already as representative of the bulk. Overall, it is found that in these herringbone-type layered crystals the polarization energy has a much stronger dependence on the intralayer packing density than interlayer packing density.
I. INTRODUCTION
Organic electronic materials such as the oligoacenes, either unsubstituted (i.e., naphthalene, tetracene, and pentacene) or substituted (i.e., rubrene and TIPS-pentacene), have drawn the attention of materials chemists for years because of the potential to modulate their chemical structure to induce better charge-carrier transport properties. 1−12 Charge transport in these materials is dependent on the strength of the electronic couplings between adjacent molecules, the extent of geometric and lattice relaxations upon charge injection (ionization), and the differences in site energies. Each of these factors can be affected by changes in chemical structure, processing conditions, and the presence of defects. In addition, in particular the site energies are influenced by a polarizable environment in the solid state. 13−15 Polarization effects are quantified by the associated solidstate polarization energy, typically defined by the Lyons model. 14, 16 For a positive charge, the polarization energy (P + ) is defined as the difference between the gas-phase (IE g ) and solid-state (IE ss ) ionization energies, and generally falls between 1.5 to 2.0 eV for π-conjugated organic materials; 14, 17, 18 a similar relationship exists for a negative charge, based on the electron affinities. An important feature to recall regarding the polarization process is that its electronic and nuclear components occur on different time scales: 10 −16 −10 −15 s for electrons and 10 −14 −10 −11 s for nuclei. Hence, these two contributions can be separated (in a way analogous with the Born−Oppenheimer approximation) to allow the assessment of the electronic polarization energy component on the basis of a frozen molecular geometry. 14, 15 We previously demonstrated that, even though pentacene and TIPS-pentacene [6,13- bis(triisopropylsilylethynyl)pentacene] are electronically similar, the differences in their molecular packings (the TIPS groups translating the preferred herringbone packing motif of pentacene to a two-dimensional brickwork configuration) have a significant effect on the hole polarization energies. In fact, the hole polarization energy of pentacene is larger by up to a few tenths of an eV. 19 These results also underlined that great care must be taken when extrapolating data that neglect the variations in packing configurations, for example, the use of cyclic voltammetry data in solution, to predict solid-state ionization energies.
Using the polarizable force-field methodology previously reported, 19, 20 we investigate here the polarization effects in two other representative organic semiconductors, tetracene and rubrene (5,6,11,12-tetraphenyltetracene) . These two molecular systems share the same conjugated backbone; however, while they both pack in a herringbone fashion (Figure 1) , the presence of the four phenyl groups in rubrene alters the nature of the herringbone packing configuration. In rubrene, the shortaxis (head) of one tetracene interacts with the π-plane of the nearest herringbone neighbor, while in unsubstituted tetracene, it is the long-axis edge of one molecule that interacts with the πplane of its herringbone neighbor (as is usually the case in unsubstituted oligoacenes), see Figures 1b and 1f. We also explore the effect of changing the packing density on the polarization energy, and contrast the dependence on the packing in the ab-plane, that is within the molecular layer Both systems present herringbone packing, with rubrene displaying as well significant backbone overlap. (c and g) Interlayer (c-axis) packing in rubrene and tetracene. (d and h) Illustration of the intermolecular distances and angles between layers, and dimer separation and angles within the layers. 26, 27 
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Research Article ( Figures 1b and 1f) , with respect to that along the c-axis, that is between molecular layers (Figures 1c and 1g ). We note that along the c-axis, interlayer interactions are dominated by peripheral hydrogen contributions, while within the ab-plane there are significant π-conjugated backbone interactions.
In addition to the effects of molecular orientation and packing density of the material, we evaluate the differences between the polarization energy in the bulk versus at the organic-vacuum interface. In 1978, Salaneck measured a 0.3 eV smaller ionization energy for an anthracene molecule on the very surface with respect to a molecule just under the surface. 21 In recent years, this result has garnered additional interest with various experimental and theoretical reports examining the differences in ionization and polarization energies. 22−25 Here, by using a model that allows for the separation of individual interactions, we are able to rationalize the lower polarization energy at the organic-vacuum interface by decomposing the polarization into static interactions (that is, the chargepermanent multipole interactions) and dynamic interactions (charge-induced dipole interactions). 20 Though the resulting change in observed IE at a surface may be small, the energetics at the surface can be tuned by controlling separately the static and dynamic interactions. We also examine the polarization energy at the organic-vacuum interface as a function of charge carrier depth within the organic material. Our focus will be on the polarization energies associated with the presence of an excess positive charge, since tetracene and rubrene are well established hole transporters.
II. COMPUTATIONAL METHODOLOGY
The geometries for all molecules used in this study were taken from the crystal structures for tetracene (TETCEN01) 26 and rubrene (QQQCIG04) 27 deposited in the Cambridge Structural Database (CSD; CSD identification codes are given within parentheses). 28, 29 Supercells, constructed from the experimental unit cells, were used to generate spherical clusters, cylinders, and slabs for the polarization energy studies. Modified unit cells were considered to explore the effect of packing density (1.44 g/cm 3 , tetracene; 1.30 g/cm 3 , rubrene); 30 they were constructed by increasing the unit-cell parameters while leaving the internal coordinates of the molecules unchanged, thus increasing the interlayer spacing, intralayer spacing, or both. Spherical clusters [cylinders] were constructed where molecules with their center-of-mass inside a given radius [and height] are selected from a larger supercell. The molecule carrying the excess charge in the polarization energy calculations is defined as the origin in all systems. Organic-vacuum interfaces were created by defining the origin of the system at the molecule in the center of the layer with the largest Z-axis value (i.e., the topmost layer of the supercell). A cylinder was then extracted in the same manner as above, but where half of the cylinder is composed of vacuum. Here, ionization is taken to occur via a vertical process; thus, the neutral crystal geometry is used for the charged systems.
All calculations of bulk polarization energy were carried out with our previously described methodology 20 using the AMOEBA force field of Ponder and co-workers. 31, 32 The electrostatic parameters were derived from a distributed multipole analysis (DMA). Single-particle density matrices for the neutral, radical-cation, and radical-anion states for the DMA calculations were determined via single-point energy calculations using second-order Møller−Plesset perturbation theory (MP2) and a 6-31+G(d,p) basis; the MP2 calculations were carried out with the Gaussian 09 (revisions A.02 and B.01) code. 33, 34 Gasphase and solid-state ionization energies and electron affinities were determined through the AMOEBA-based calculations as previously described. 20 These energies were then input into the Lyons model where P + [P − ] is the polarization energy due to a positive [negative] charge and IE[EA] is the solid-state or gas-phase ionization energy [electron affinity], respectively, to determine the polarization energy of a particular cluster. Bulk polarization energies were determined by increasing the system size and plotting the polarization energy versus the cube root of the number of molecules in the spherical clusters. For cylindrical systems, the polarization energy was plotted versus the square root of the average number of molecules per layer to remove the height dependence of the systems.
III. RESULTS AND DISCUSSION III.A. Impact of Molecular Orientations. While the packings of rubrene and tetracene are both of herringbone type, there exist critical differences: Tetracene displays only (longaxis) edge-to-face packing (Figure 1f ), while rubrene displays both (short-axis) edge-to-face and face-to-face interactions ( Figure 1b ). As we previously reported, 19 the differences in the packing configurations of pentacene and TIPS-pentacene strongly impact the polarization energy, since the variations in electrostatic interactions influence the amount of stabilization experienced by an excess charge. While the differences in packing between tetracene and rubrene are not as overtly obvious as those between pentacene and TIPS-pentacene, they are nevertheless expected to impact the polarization energy. In fact, the polarization energies of rubrene and tetracene were initially reported to differ by some 0.7 eV as Sato and coworkers measured a polarization energy of 1.1 eV for a positive charge carrier in rubrene and 1.8 eV in tetracene. 17 Note that a later re-evaluation reported the polarization energy of tetracene to be 1.6 eV, 18 in agreement with the early measurements of Pope et al. 9 and the theoretical results of Berry et al.; 18, 35 to the best of our knowledge, no additional studies of the polarization energy of rubrene have been reported.
Overall, to provide a baseline for comparison that will be used to better assess the impact that the different packing motifs have on the polarization energies, we first determine the bulk polarization energies of tetracene and rubrene. We find the polarization energy due to a positive charge in tetracene (1.04 eV) to be 0.3 eV larger than that of rubrene (0.76 eV), which is in line with the difference of 0.5 eV between the re-evaluated polarization energy of tetracene and the initial report of rubrene, see Figure S1 . The polarization energies for a negative charge are 0.92 and 0.65 eV for rubrene and tetracene, respectively.
To determine where this difference in polarization energy originates, we consider a stepwise approach. First, we examine the permanent multipole interactions among neutral molecules in simple dimer models extracted from the crystal structure. As the quadrupole moments are the largest nonzero multipole moments in rubrene and tetracene, we use the distributed multipole analysis (DMA) 36 to calculate the quadrupolar electrostatic interactions in dimers of rubrene and tetracene; this allows us to determine the electrostatic effect of changing the orientations of the molecular backbones and altering the herringbone packing. In tetracene, due to the stabilizing edgeto-face interactions, the quadrupole−quadrupole interactions are stabilizing by about 0.04 eV, while in rubrene these stabilizing interactions are twice as large, 0.10 eV. Because of the fashion in which rubrene packs, there is an additional dimer configuration that must be considered, the face-to-face dimer.
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In this configuration, the quadrupole interactions are destabilizing by 0.26 eV, a value identical to that found for the π-stacked backbones in TIPS-pentacene. Thus, we observe stabilizing permanent quadrupole−quadrupole interactions in neutral tetracene and a mixture of stabilizing and destabilizing interactions in rubrene due to the differences in packing.
Next, to assess how these intrinsic differences in electrostatic interactions extend to the very large cluster systems used for the polarization energy calculations, we consider finite-size clusters of 4 nm radius and compare the electrostatic interactions in these large systems as the charge of the cluster is changed from 0 to ±1. In the absence of induced dipoles, with respect to the neutral systems, the static multipole interactions for a tetracene anion are stabilizing by 0.30 eV, while a rubrene anion is destabilized by 0.22 eV. While the excess charge localized on the central molecule of the cluster is distributed across the face of the backbone in both systems, this difference is a direct result of the variations in molecular orientations in the tetracene and rubrene crystals. In tetracene, the excess charge results in each carbon possessing a larger partial negative charge that interacts with a positive quadrupole component on neighboring molecules, while the peripheral hydrogens still possess a small partial positive charge and interact with a negative quadrupole component on neighboring molecules; this results in an overall stabilization due to static multipole interactions. In rubrene, the dominant interaction is the faceto-face interaction that becomes more repulsive and destabilizing. For the cationic species, again in the absence of induced dipoles, there would occur destabilizations with respect to the neutral systems by 1.16 and 1.49 eV for tetracene and rubrene, respectively. This is due to the face-to-edge interactions in tetracene becoming essentially positive/positive interactions; the same holds true in rubrene. The rubrene face-to-face interactions remain destabilizing as the carbons of the backbone possess partial negative charge. Importantly, when the induced dipoles are turned on, each system experiences an overall stabilization in the range of 0.5 eV -1.1 eV, as induced dipoles always act as a strong stabilizing force.
Lastly, since the induced dipoles can be calculated separately from the static multipole interactions, we break down the polarization energy experienced by an excess charge into (i) a static component, S ± = S N − S h , where S N and S h denote the change in static interactions (thus, taking into account only the permanent higher-order multipoles) in going from single molecules to clusters that are neutral (S N ) or possess a ± 1 charge (S h ), and (ii) a dynamic component,
where D N and D h denote the change in induced interactions in going from single molecules to clusters that are neutral (D N ) or possess a ± 1 charge (D h ); here, the interactions between permanent multipoles and induced dipoles and the interactions among induced dipoles are considered.
The polarization energy can therefore be defined as the sum of the stabilization of a system due to static and dynamic contributions with respect to a neutral system: P ± = S ± + D ± . In the case of an excess positive charge, the static component of the polarization energy in 4 nm finite-size clusters, S + , is evaluated to be stabilizing by 0.18 eV in tetracene and by 0.15 eV in rubrene; thus, in both cases, the static electrostatic interactions change by approximately the same amount on going from a neutral system to a positively charged system. When the dynamic component of the polarization energy is considered, the tetracene and rubrene cations are stabilized by 0.74 and 0.50 eV, respectively, see Table 1 . Adding together the difference between the static and dynamic components of rubrene and tetracene gives a value of 0.27 eV, which almost entirely accounts for the difference of 0.28 eV between the bulk of the materials (the extrapolation from these finite-size clusters to the bulk thus adds very little). For both tetracene and rubrene, the dynamic contributions are found to be some three times more stabilizing than the static contributions, which highlights the prevalent role of the dominant dynamic interactions in the polarization energy.
It is also useful to explore cylindrical systems. Indeed, while spherical clusters allow us to calculate the bulk polarization energy of a material, cylindrical systems allow for the determination of the polarization energy as a function of the average number of molecules per layer; in this way, a direct evaluation of the impact of neighboring layers can be obtained. Since the cylindrical systems do not have the 1/N 3 dependence of the spherical systems, the polarization energy has instead to be plotted versus 1/(N/L) 2 , where N is the number of molecules in the system and L is the number of layers in the cylinder. For these cylindrical systems, an initial disk (consisting of just one layer) is expanded by symmetrically increasing the number of layers on either side of the disk. Figures 2 and 3 show the polarization energies for rubrene and tetracene cylinders consisting of 1, 3, 5, and 7 layers. When the size of the cylinder increases, the polarization energy per layer increases, but the magnitude of the increase quickly diminishes after the nearest-neighbor layers are added. From Figure 2 , it can be seen that the P + polarization energy for a single disk of tetracene is 0.84 eV and increases by 0.16 eV when the nearestneighbor layers are added. The polarization energy then only increases by an additional 0.02 eV for the next nearest-neighbor layers. The large impact of the nearest-neighbor layers highlights the importance of their inclusion in understanding the ionization energies of organic molecular materials; clearly, as we discuss below, this feature has significant impact when examining the polarization energy at surfaces.
III.B. Polarization Energy as a Function of Interlayer and Intralayer Packing Densities. Selective substitution of the phenyl rings of rubrene can allow for modulation of the molecular packing and thus modulation of the polarization energy. 4 To better understand the variations in polarization energy, we investigated the effect of modifying the packing distances of rubrene and tetracene through expansion of the molecular crystal by as little as a 3% reduction and up to a 75% reduction in packing density (Figure 4) . First, we focus on expansions between layers, followed by expansion within molecular layers, and then, as an extreme limit, combined expansions within and between layers, which allows for a better understanding of how the polarization energy and intermolecular interactions evolve as a function of separation distance along the unit-cell axes. 
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As is the case with intermolecular electronic couplings (transfer integrals), the interactions between oligoacene molecules in the crystals can be expected to be weaker between layers than within layers. 37, 38 Accordingly, it is found that reducing the interlayer packing density results in a much smaller change than reducing the intralayer packing density for a given overall reduction in packing density. Figure 5 shows a decrease in the P + polarization energy of about 0.1 eV for both rubrene and tetracene as the distance between the layers is increased by 5 Å from that determined crystallographically, which represents 27% and 15% reductions in the packing densities of tetracene and rubrene, respectively. As the separation increases to infinity, the polarization energy approaches that of the 2Ddisk configurations (rubrene, P + = 0.55 eV; tetracene, P + = 0.84 eV). This limit is quickly reached as charge-quadrupole interactions have a 1/r 3 distance dependence while the charge-induced-dipole interactions can have stronger distance dependences determined by the nature of the induction source, be it a charge (1/r 3 ), a quadrupole (1/r 5 ), or an induced dipole (various distance dependences).
The polarization energy is significantly more sensitive to the intralayer packing density, leading to a much diminished polarization energy as the density is reduced. For rubrene, the polarization energy diminishes by 0.57 eV (from 0.76 to 0.19 eV) as the intralayer distance between molecules is increased by 5 Å (a 56% reduction in packing density); Table S1 provides the relationships between a given increase along a unit-cell axis and the resulting density. The decrease in the polarization energy is even larger for tetracene, 0.87 eV (from 1.04 to 0.17 eV with a 66% packing density reduction), a result of the larger dynamic component of the polarization energy and its strong distance dependence. For both systems, the polarization energy evolves not toward zero, but approaches that of a 1D chain stacked along the c-axis of the unit cell. Overall, these results are consistent with the fact that the intermolecular interactions for face-to-edge and face-to-face interactions (present within layers), where there are many interacting points (i.e., atoms), are significantly stronger than edge-to-edge interactions (present between layers). For example, comparing a tetracene cluster with 4 Å of additional separation along the interlayer direction with a tetracene cluster with 1 Å of additional 
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Finally, we examine the extreme case of symmetric molecular expansion wherein both the intralayer and interlayer separations are concurrently increased at the same rate ( Figure 6 ). In the range of expansions considered, we calculate a decrease in P + of 0.92 eV for tetracene and 0.65 eV for rubrene, corresponding to 75% and 63% packing density reductions, respectively. This expansion may be envisioned as beginning with a spherical cluster and then expanding the system to the point that it becomes a collection of noninteracting molecules. Thus, here, the polarization energy trends toward zero at the limit of infinite separation.
From a methodological standpoint, it should be noted that if the unit cell contains nonequivalent molecules, such as in the case of tetracene, then the same molecule must be used in both gas-phase and solid-state calculations. If the same molecule is not used, then there will be a remainder of polarization energy at the limit of infinite expansion equivalent to the site energy difference between the two molecules (about 20 meV for tetracene). We note that similar trends are observed for both hemispherical and cylindrical systems; the results are available in the Supporting Information.
III.C. Bulk versus Interfacial Polarization Energy. Since the seminal work of Salaneck, 21 there has been continued debate in the literature as to what extent the ionization energy, and in turn, the polarization energy at the surface of a material is different than that of the bulk. 22−25 This difference is relevant, for instance, when discussing organic-vacuum fieldeffect transistors, where the charge moves along or near the vacuum interface, and thus can experience an energetic landscape different than the bulk. 13 Changes in energetic landscape are also present at organic−organic and organic− inorganic interfaces common to organic electronic devices. Independent investigations by Tsiper and Soos 24 and by Gorczak et al. 25 confirm that indeed the environment at the organic-vacuum interface is different than the bulk; however, there is disagreement as to whether the change in the static and dynamic electrostatic interactions cancel each other out, as has been suggested by Gorczak et al. 25 While these authors reported equivalent polarization energies in the bulk and at the surface of pentacene, Tsiper and Soos reported a difference of 0.23 eV, with the surface being less stabilized. 24 Note that the treatment of Tsiper and Soos uses ΔP = P S − P, where P = P + + P − ; P S = P + S + P − S ; and P and P S denote the combined polarization energies due to a positive charge and negative charge in the bulk and at the surface, respectively.
To better assess the environment at the organic-vacuum interface, hemispherical clusters were used, where the organic material on one side of the layer in which the excess charge resides has been removed. The polarization energy due to a positive [negative] charge carrier at the tetracene [rubrene] surface is determined to be on the order of 0.07 [0.12] eV lower than the bulk value. When using the definition of Tsiper, we calculate ΔP to be 0.20 and 0.17 eV for tetracene and rubrene, respectively. The reduction in polarization energy calculated at the surface is lower than the value reported by Salaneck, 0.3 eV, but does clearly indicate that the electrostatics at the surface are distinct from the bulk. Simply determining the total difference in polarization energy between the surface and the bulk does not tell the entire story; as noted earlier, both 
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To determine the impact of the changing electrostatic interactions, the polarization energy contributions of finite-size clusters (bulk) and hemispheres (interface) were examined (Table 1) . With respect to the tetracene bulk, the static component of the P + polarization energy at the very surface is more stabilizing by 0.06 eV while the dynamic component (induced-dipole interactions) becomes less stabilizing by 0.13 eV. For rubrene, the static component becomes more stabilizing by 0.02 eV and the dynamic component destabilizing by 0.09 eV. Both the increase in the static stabilization and decrease in dynamic stabilization result from a smaller number of neighboring molecules in the clusters; the static interactions become more stabilizing because of fewer destabilizing chargequadrupole interactions, while the dynamic interactions become less stabilizing because of fewer polarizable points that always act to stabilize the charge. This is further illustrated when the molecules on both sides of the charged layer are removed, that is, a situation corresponding to a twodimensional disk. For tetracene, the stabilization due to the static contribution is almost doubled to 0.11 eV while the destabilization due to the dynamic component increases to 0.26 eV. Similar changes in the static and dynamic contributions are observed for rubrene, stabilization by 0.04 eV and destabilization by 0.20 eV, respectively. While both sides of the bulk material adjacent to the charged layer contribute equally to the polarization energy, they constitute a nonadditive contribution due to the interaction of the static and induced moments between the two layers adjacent to the charged layer. Overall, an important result is that the removal of polarizable material, that is, neighboring molecules, has a much larger impact on the polarization energy than the stabilization gained from fewer (destabilizing) static interactions, which ultimately lead to a smaller polarization energy at the surface than in the bulk, in line with the measurements of Salaneck. 21 To address more completely the results of UPS experiments, where electrons are expected to be ejected from the first few layers, we have expanded our analysis beyond examining just the very surface and the bulk. 39, 40 To do this, cylindrical systems of constant thickness were created where the excess charge is initially placed at the topmost layer and subsequently moved to deeper layers. The results are collected in Table 2 . As the charge is moved from the surface of tetracene toward the bulk, the static polarization energy decreases by about 17% and 
Research Article the dynamic contribution increases by about 19%. This results in an overall increase in the polarization energy by almost 10%. Because of the different electrostatic interactions in rubrene, the decrease in static polarization energy is about 9% while the increase in the dynamic contribution is almost 21%, again resulting in a larger polarization energy in the bulk than at the surface. Thus, while the changes in dynamic polarization energy for both rubrene and tetracene as a charge is moved from the surface to the bulk are similar, the different electrostatic interactions due to the variations in molecular packing significantly impact the static polarization energy of each system. Overall, these different interactions imply that in rubrene there is a much lower sensitivity of the static polarization energy with respect to charge depth. When the charge is moved from the very surface to the layer below, there is a large increase in the polarization energy in both tetracene and rubrene, after which the change is only 1− 2% as the charge moves more into the bulk. As discussed earlier, the layers directly neighboring the charge have the largest impact on the polarization energy with additional neighboring layers having comparatively little effect. The implications for (angle-resolved) UPS measurements are that only the very surface layer should be probed if the characteristics of the surface are desired, as penetration into any deeper layer quickly leads to results more representative of the bulk than of the surface.
These results confirm that the environment of an excess charge at the surface of an organic material is different than that of an excess charge in the bulk, although not necessarily in the most intuitive manner. Furthermore, as shown for instance by Beljonne and co-workers, 41 the presence of a second organic system will introduce strong interfacial electrostatic interactions that are expected to change further the energetic landscape and impact the behavior of an excess charge.
IV. CONCLUSIONS
Using a combination of our model for polarization energy, simple multipole electrostatics, and various length scales, we have developed a description of the rubrene and tetracene organic molecular crystals which provides an understanding of how the intermolecular interactions change as a function of packing orientation and packing density. We have also shown how the energetic landscape at an organic-vacuum interface differs from that in the bulk, by breaking down the interactions into constituent static and dynamic components.
Beginning with the simplest dimer systems using multipole interactions, we have observed qualitative differences in the electrostatic interactions between tetracene and rubrene. In tetracene, there exist stabilizing face-to-edge interactions while in rubrene there occurs a competition between stabilizing faceto-edge interactions and strongly destabilizing face-to-face interactions. We then investigated the bulk materials as spherical clusters and cylinders, and evaluated the implications of reducing the packing density, by up to 75%, on the bulk polarization energy.
The main conclusions are as follows:
• The polarization energy due to a positive charge is 0.28 eV larger in tetracene than rubrene, in good agreement with previous experimental reports. • For both rubrene and tetracene, the polarization energy due to a positive charge is larger than that due to a negative charge.
• Since the rubrene backbone lies parallel to the ab-plane, the stabilization coming from induced dipoles is reduced compared to case of tetracene because of increased center-of-mass to center-of-mass distances. • The polarization energy within a molecular layer does not saturate until about 4 nm from the charged molecule. • The polarization energy due to interacting layers essentially saturates after the inclusion of one layer on either side of the charged layer, in contrast to previous studies that showed saturation after 5−10 molecular layers. 24 • When the packing density is reduced, the intralayer packing density has a much larger influence on the polarization energy (∼0.9 eV reduction) than the interlayer packing density (∼0.1 eV reduction). Thus, crystal engineering efforts similar to those of McGarry et al. 4 could allow the polarization energy of a given material to be controlled by modifying the packing density along different crystallographic axes.
In the case of organic−vacuum interfaces, it is found that, as a result of the reduced number of neighboring sites, the static component of the polarization energy becomes more stabilizing while the dynamic component becomes much less stabilizing. Although the overall change in the polarization energy (about 0.1 eV) at the interface is relatively small compared to the total polarization energy (1.0 eV for tetracene), the changes in the individual static vs dynamic components represent a much larger portion of the total and illustrate the significant modification in the electrostatic environment. Interestingly, any layer other than the very surface is more representative of the bulk environment than that of the surface.
Our results underline that, although the tetracene and rubrene molecules share the same backbone and their electronic properties and type of crystalline packing are similar, small changes in the electrostatic interactions among neighboring molecules can result in large changes in the polarization energy. The better understanding that this work has provided regarding the origin of the observed shifts in IEs of rubrene and tetracene at the surface as well as the nature of the intermolecular interactions influencing the polarization energy, will allow one to rationalize the variations in other materials that share similar structures but different packing morphologies. Overall, this work provides a general framework in the context of efforts to tune the polarization energy of organic electronic materials through molecular orientation and packing density and contributes to a much better insight of the nature of the electrostatic interactions at organic-vacuum interfaces.
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